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Abstract
Recently environmental conditions during early parental development have been found to have transgenerational effects
on immunity and other condition-dependent traits. However, potential transgenerational effects of heavy metal pollution
have not previously been studied. Here we show that direct exposure to heavy metal (copper) upregulates the immune
system of the blow fly, Protophormia terraenovae, reared in copper contaminated food. In the second experiment, to test
transgenerational effects of heavy metal, the parental generation of the P. terraenovae was reared in food supplemented
with copper, and the immunocompetence of their offspring, reared on uncontaminated food, was measured. Copper
concentration used in this study was, in the preliminary test, found to have no effect on mortality of the flies. Immunity was
tested on the imago stage by measuring encapsulation response against an artificial antigen, nylon monofilament. We
found that exposure to copper during the parental development stages through the larval diet resulted in immune
responses that were still apparent in the next generation that was not exposed to the heavy metal. We found that
individuals reared on copper-contaminated food developed more slowly compared with those reared on uncontaminated
food. The treatment groups did not differ in their dry body mass. However, parental exposure to copper did not have an
effect on the development time or body mass of their offspring. Our study suggests that heavy metal pollution has positive
feedback effect on encapsulation response through generations which multiplies the harmful effects of heavy metal
pollution in following generations.
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Introduction
Heavy metals are known to transfer from soil to plants and from
plants to herbivores. In polluted areas such as in the vicinity of
metal industry, heavy metal pollution has been found to
accumulate in plants and various invertebrates [1–3]. Several
studies have documented the disadvantageous effects of heavy
metal pollution on different traits. Individuals exposed to heavy
metals achieve smaller size [4], have longer development time [5]
and are shown to be more sensitive to various parasites and
pathogens [6,7]. In addition, high concentrations of heavy metals
are known to have an effect on survival [8], reproductive success
[8], longevity and fecundity [5]. Long term exposure is thought to
lead to populations of metal-tolerant phenotypes [9,10], which
might explain why individuals gathered from polluted areas are
found to be more successful in heavy metal containing conditions
compared with individuals from unpolluted areas [11]. Even
though the direct adverse effects of heavy metal pollution on
invertebrates are quite well understood, studies testing transge-
nerational effects of parental exposure to heavy metal pollution on
offspring immunity are so far lacking.
Environmental conditions experienced by parents have been
found to have an effect on offspring phenotype brought about by
the transmission of nongenetic factors instead of genetic in-
heritance to offspring [12–14]. Previously, empirical studies
considering parental effects have demonstrated that environmental
conditions during parental development impact on life-history
traits of their offspring [15–17]. Sadd et al. [18] have found
evidence of transgenerational immune priming in the bumblebee,
Bombus terrestris L. Those queens given an immune-challenge
treatment prior to the colony founding were producing workers
with higher levels of antibacterial activity [18]. There is increasing
empirical support that environmental conditions experienced by
parents can produce epigenetic adjustments [19,20]. The expres-
sion of immune functions through non-heritable effects that
regulate the genome activity such as DNA methylation, histone
modifications, chromatin structure and noncoding RNA, are
considered as epigenetic factors [21]. Previously, environmentally
induced transgenerational epigenetic changes have been demon-
strated in rats [22,23] and in mice [24]. Whereas in vertebrates
transgenerational effects have received notably more interest,
experimental studies of these effects in invertebrates are poorly
understood.
Unlike in vertebrates, invertebrates lack acquired immunity,
showing far less complicated immune defense systems, even
though several components of their immune systems are
homologous [25]. Therefore, insects are an excellent model
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pollution on the immune system. Immunity of insects against
pathogens is based on the innate immune system that consists of
humoral and cellular responses [26]. The humoral immune
system produces a variety of circulating antibacterial and
antifungal peptide (humoral factors) secretions which are used
against microbial pathogens as a second line defense [26,27]
whereas cell-mediated immune responses such as nodulation,
phagocytosis and encapsulation are primarily used against
multicellular intruders [26,28]. Of these, encapsulation is the
main defense mechanism against multicellular organisms [26]
and viruses [29]. A foreign intruder(s) is eliminated by
capsulating it with hematocytes [26,30]. Previous study on the
geometrid moth, Epirrita autumnata, has found that exposure to
heavy metals, copper and nickel, have an effect on immunity
when measured as an encapsulation response against an artificial
antigen – a nylon monofilament. Moderate amounts (used
amounts were derived from the maximum found naturally from
birch leaves) were found to enhance immunity whereas higher
concentrations debased it [31], indicating that heavy metals
might have direct disadvantageous effects on insect immunity. Of
heavy metals, copper (Cu) is an important trace element essential
for the maintenance of numerous metabolic processes, and it is
more easily regulated in body tissues than non-essential metals,
such as cadmium, mercury and lead [32]. To our knowledge, this
is the first study to test whether changes in immunity will remain
in population even if the environmental conditions have returned
to normal and the heavy metal load is no longer apparent.
The aim of the present experiment was to study whether direct
exposure to heavy metal had an effect on immunity and more
particularly, whether parental exposure to heavy metal pollution
through larval diet had any transgenerational effects on offspring
immunity by using the blow fly Protophormia terraenovae (Diptera:
Calliphoridae; Robineau-Desvoidy, 1830) as a model species. To
investigate the direct effects of heavy metal exposure to parental
innate immune response, maggots of the parental generation were
reared in food supplemented with copper. Then to test
transgenerational effects, the next generation was bred in un-
contaminated food. Immunity was tested by measuring the
encapsulation response against an artificial antigen (nylon mono-
filament) from adult flies of both generations. Here we show first
that exposure to copper, activates the immunity of P. terraenovae
even in low concentrations and then we demonstrate that parental
larval exposure to an environmental pollutant has transgenera-
tional effects on immunity.
Results
Experiment 1
Direct exposure to copper had an effect on innate immunity (t
test, t=22.876, df=371, P=0.004). Those individuals that were
reared in copper contaminated food had a stronger encapsulation
response compared with the uncontaminated group (Fig. 1). There
were no differences between sexes (ANOVA: F1,369=0.250,
P=0.705) and there was no interaction between treatment and
sex (ANOVA: F1,369=0.846, P=0.358) or between treatment and
vials (nested ANOVA: F10,361=1.510, P=0.134) in encapsulation
response. Heavy metal treatment did not have any effect on the
survival of the flies (ANOVA: F1,11=1.106, P=0.318).
However, direct exposure to copper did not have any effect on
the mean dry body mass (t test, t=1.102, df=15, P=0.287) and
there were no differences in mean body mass between females and
males (t test, uncontaminated: t=20.228, df=10, P=0.825;
contaminated: t=1.984, df=10, P=0.075). Instead, exposure to
copper had an effect on development time (Mann-Whitney U test,
U=3879.0, Z=214.923, P=0.0001, n=200 uncontaminated/
197 contaminated). In the copper contaminated group, individuals
developed substantially slower (n=197, mean 16.50, SD=0.46)
than in the uncontaminated group (n=200, mean 15.19,
SD=0.40). However, there were no differences between sexes
(Mann-Whitney U test, uncontaminated: U=4741.5, Z=20.766,
P=0.444, n=96 females/ 104 males; contaminated: U=4648.5,
Z=20.629, P=0.529, n=91 females/ 106 males) in development
time.
Experiment 2
Parental exposure to heavy metal pollution had an effect on
their offspring’s immunity (t test, t=23.463, df=164, P=0.001).
Individuals whose parents were reared in copper contaminated
food had a stronger encapsulation response compared with the
uncontaminated group (Fig. 2). The sexes did not differ in
encapsulation response (ANOVA: F1,178=6.846, P=0.232). There
was no interaction in encapsulation response between sexes and
treatment groups (ANOVA: F1,178=0.062, P=0.804) and encap-
sulation response did not differ between individuals of different
vials (nested ANOVA: F11,169=1.130, P=0.341).
In our study, direct parental exposure to copper did not have
any effect on the dry body mass of the next generation (t test,
t=1.072, df=21, P=0.296). There was no difference between
sexes in the dry body mass (t test, uncontaminated: t=0.799,
df=10, P=0.443; contaminated: t=1.221, df=9, P=0.253). In
addition, parental exposure to copper did not have an effect on the
length of the development time of their offspring (Mann-Whitney
U test, U=5289.0, Z=20.501, P=0.616, n=97 uncontaminat-
ed/ 113 contaminated). There were no differences between sexes
in the length of the development time (Mann-Whitney U test,
uncontaminated: U=1098.5, Z=20.651, P=0.515, n=50
females/ 47 males; contaminated: U=1497.5, Z=20.243,
P=0.808, n=59 females/ 52 males).
Discussion
Here, we show that exposure to copper during early parental
development stages has an effect on offspring innate immunity in
Figure 1. The mean encapsulation rate (artificial unit) of the
parental generation reared in copper contaminated and
uncontaminated environments (uncontaminated: N=189,
mean =64.53, SD =14.54; contaminated: N=184, mean
=68.82, SD =14.24). The encapsulation rate was measured as
average gray value of reflected light, which is considered as relative
darkness (for more details see Materials and methods).
doi:10.1371/journal.pone.0038832.g001
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immunity will remain in the population even if the environmen-
tal conditions have returned to normal and the heavy metal load
is no longer apparent. Our results are consistent with the
previous studies on the geometrid moth, Epirrita autumnata
(Lepidoptera) [31,33] and wild ant colonies of Formica aquilonia
(Hymenoptera) [7], in which exposure to copper was found to
strengthen the immunity at low to medium levels. Furthermore,
in the recent study of Dubovskiy et al. [6] a low concentration of
nickel was found to increase glutathione S-transferase (GST),
phenoloxidase activity and encapsulation response levels. Pre-
vious findings on a variety of Mollusca species indicate that the
intensifying effect of copper on immune response might result
from an increase in the number of hemocytes [34] or
granulocytes [35,36]. Recently, encapsulation response has been
found to be related with the number of hemocytes in hemolyph
[37]. However, insects have two kinds of immunity–cellular
encapsulation and melanotic encapsulation–of which the first is
more delineated in the order of Lepidoptera whereas the other is
more common in Diptera [26]. In particular, hemocytes play an
important role in immune reactions and are required in the
encapsulation process [26,38], where the pathogen is capsulated
with several layers of hemocytes and as a consequence an
intruder is destroyed.
We found that exposure to copper during early parental
development stages had a transgenerational epigenetic effect on
offspring immunity. Copper concentration used here had no
effect on mortality of the flies, so there was no selection toward
higher copper tolerance in the parental generation. To our
knowledge this is the very first study to show that upregulation of
immune system caused by exposure to heavy metal pollution
during early parental development stages will remain in the next
generation. Our finding is consistent with the previous studies
where parental environmental conditions were found to have
a transgenerational effect on offspring life-history traits through
non-genetic inheritance [16]. Environmental conditions experi-
enced by parents, especially by the mother, are thought to play
a crucial role in shaping offspring phenotype [39]. In certain
conditions individuals may benefit by having upregulated
immunity, particularly when parents and their offspring confront
the same pathogen pressure [18]. However, upregulation of
immunity in this case was a result of copper exposure and does
not correspond to the pathogen load. Instead, maintaining high
level immunity consumes energy and upregulation of immunity
may result, for instance, in reduced reproductive success or
longevity [40]. The present study is the first to show that heavy
metal pollution has a transgenerational effect on innate
immunity. Thus far, there are no studies to test whether the
changes in immunity will remain in populations. Since inverte-
brates and vertebrates share homologous components in their
innate immune system [25], it would be interesting to know
whether the same phenomenon occurs in vertebrates.
Here, exposure to copper during early parental development
stages seemed to have no effect on parental or offspring adult size.
The observed slower development time in the copper contami-
nated group (parental generation) that was fed copper supple-
mented food suggests resource allocation between growth rate and
immunity. Maintenance of the immune responses is considered
energetically costly [15,41] and previous studies have found
a trade-off between immune function, size and development time
[42]. This indicates that perceived difference in development times
of parental generation is more likely a result of toxic effects of
copper. The detoxification process of harmful compounds
consumes energy, which is why less energy remains for growth
[43]. In an environment containing toxic compounds it might take
longer to achieve a certain size, as resources are needed for
regulating harmful compounds received from larval nourishment.
We found no difference between offspring development times of
the treatment groups despite the observed difference in immune
defence, suggesting that differences in immune function in
offspring might be a result of transgenerational epigenetic changes
caused by parental exposure to copper. Whereas, observed
difference in parental development times might be a result of the
regulation of toxic compounds, this might explain why the same
effect does not occur in the next generation whose larval food did
not contain any added copper.
Recent studies have demonstrated the deleterious effects of high
heavy metal concentrations on immune defence [6,31]. Concen-
tration used in the present experiment was relatively low. In
a preliminary test it was found to have an effect on immunity and
yet to have no significant effects on mortality of the maggots or
adult flies. Increase in mortality might have an effect on parental
population by causing selection [18], because remaining individ-
uals might consist of those that are able to survive in copper
contaminated environment [11].
To conclude, we found that exposure to copper, during early
parental development has a transgenerational effect on encapsu-
lation response against an artificial antigen in adult flies of the
blow fly, P. terraenovae, even in relatively low concentration. The
changes in immunity will remain in the next generation even if
exposure to an environmental pollutant is no longer apparent.
Transgenerational epigenetic effects of environmental pollutants
on invertebrate immunity and other life history traits are poorly
understood. In particular, the long-lasting effects are barely known
of and should definitely be studied more in future experiments.
The results of our study suggest that the effect of an environmental
toxin in populations might be more complicated than previously
thought. This is something which should be considered when
evaluating the effects of the pollutants on the viability of animal
populations.
Materials and Methods
Study species and maintenance of the stock population
P. terraenovae is a large, metallic blue Calliphorid species that
prefers cool temperatures, having a holarctic distribution. Maggots
Figure 2. The mean encapsulation response of the offspring
whose parents were reared in copper contaminated and
uncontaminatedenvironments(uncontaminated:N=90,mean
=53.52, SD =11.97; contaminated: N=92, mean =61.78, SD
=19.29).
doi:10.1371/journal.pone.0038832.g002
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whereas adult flies feed on nectar and fluids of decaying meat [44].
Flies for the experiment were obtained from a laboratory stock
that were collected (over 600 adult flies) from Turku, South-
Western Finland during the summer of 2009 and maintained at
the University of Turku. Stock consists of several large cages with
200 to 300 individuals in each. Stock was maintained at a constant
temperature of 2461uC under constant light, which is the same
light condition that wild flies have in Finland at midsummer. Adult
flies were fed with dry powder food (consist of 1:1:1 sugar, baby’s
milk formula and semolina, mixture contains 10% of dry yeast)
and fresh water ad libitum. Maggots were reared in cat food (Pirkka
beef pa ˆte ´).
Experiment 1
In order to study whether direct exposure to heavy metal,
copper, during early developmental stages has an effect on innate
immune defence in P. terraenovae, copper containing food
(contaminated) and food with no added copper (uncontaminated)
were used. The innate immunity was measured from adult flies
by determining the strength of encapsulation response. Copper
concentration used in this experiment was determined based on
the results of the preliminary test. The quantity of copper that
had no significant effect on the mortality of the maggots or adult
flies was used as a supplement of the parental larval food.
As an oviposition stimulus beef pa ˆte ´ was used for adults to lay
eggs on. After 24 hours eggs used in the experiment were moved
in covered plastic jars (parental generation) containing 50 g of
beef pa ˆte ´ supplemented with either 200 mg copper sulfate/ g pa ˆte ´
(contaminated) (Sigma Aldrich copper CuSO4 10.00 g for 1 liter
standard solution, diluted in deionized water) or deionized water
(uncontaminated). After 2 days, the maggots of both treatments
were moved in the covered plastic jars, 40 maggots in each
(altogether 12 plastic jars for both treatments; in total 480
maggots for both treatments), containing 45 g of either contam-
inated or uncontaminated food. Plastic jars were placed into
large covered jars with a 2 cm layer of sawdust on the bottom for
pupation. Pupae were placed separately to plastic jars daily.
Hatched adults were moved to plastic boxes (21621615 cm) and
were fed with powder food (see above) and water ad libitum.A t
the age of two days, encapsulation response and dry body mass
was measured from half of the adults (copper contaminated and
uncontaminated) (see below). The other half from both
treatments was left for expanding the next generation.
Experiment 2
To study whether exposure to copper during early parental
development has any transgenerational effects on encapsulation
response or adult mass, eggs for the next generation were collected
from the parental generation at the age of two weeks (see above).
The following stage of the experiment was otherwise conducted
similarly to that of the parental generation (see above) but
individuals from both treatments (copper contaminated and
uncontaminated) were reared in food that contained no added
copper. Therefore, the offspring of both treatments grew in an
environment with no exposure to copper but where the amount of
deionized water was the same. Otherwise the maintenance of the
second generation was similar to the previous. Encapsulation
response and dry body mass were measured from adult flies to
study the transgenerational effects of copper on immunity and
adult size (see below). During the experiment, both generations of
maggots and adult flies were kept at a constant temperature of
2661uC, at constant light.
Parameters of encapsulation response, adult size and
development time
Encapsulation response was measured from adult flies at the age
of two days, by placing a 2-mm long nylon monofilament (ø 0.18,
rubbed with a sand paper) into the left side of the thorax through
a puncture pierced by a sterile needle. Flies were anesthetized with
CO2 for implantation. The immune system was allowed to react to
a foreign antigen for 4 hours (in the preliminary test there was
found the largest individual variation) while the flies were kept
individually in plastic jars. After 4 hours, implants were removed
and frozen for later analyses. The strength of the encapsulation
response was measured from pictures taken under a light
microscope aided digital camera from two different sides [45].
The average gray value of reflected light was analyzed from
pictures by using the Image J program (Image J 1.42, National
Institute of Mental Health, Besheda, MD, USA). Received values
were scaled so that the darkest gray value corresponded to the
highest encapsulation response [45]. In previous studies the
repeatability of this method has been found to be high [45,46].
Furthermore, this method has been shown to be a biologically
adequate technique. Encapsulation response against foreign
particles has been found to be associated with the ability to
encapsulate parasites [47,48].
Flies were dried 24 hours at 60uC. The dry body mass of each
fly was measured to the nearest 0.1 mg. Development time was
counted from oviposition to adult eclosion. Emerged adults were
checked once a day.
Statistical analysis
The Kolmogorov-Smirnov test was used to test for normality.
For those variables that were not normally distributed the square
root transformation was used to improve normality. Where case
variables were not successfully transformed, a non-parametric
Mann-Whitney U test was used for analyzing the differences
between treatment groups. Levene’s test was used to test equality
of variances. In the case of those variables that differed in equality
of variances, the mean values of each vial were calculated and
Independent samples t test was used in analyses to compare the
differences between treatment groups. Otherwise, ANOVA or
Nested ANOVA was used to compare the treatment groups. All
analyses were conducted by using PASW Statistics version 18 (for
Windows).
Acknowledgments
We thank Will Sillitoe for proofreading the manuscript and Samuli Laine
and Pa ¨ivi Nurmi for assistance in the laboratory.
Author Contributions
Conceived and designed the experiments: MP MJR. Performed the
experiments: MP KK. Analyzed the data: MP. Wrote the paper: MP.
References
1. Helio ¨vaara K, Va ¨isa ¨nen R, Braunschweiler H, Lodenius M (1987) Heavy metal
levels in two biennial pine insects with sap-sucking and gall-forming life-styles.
Environ Pollut 48: 13–23.
2. Helio ¨vaara K, Va ¨isa ¨nen R, Kemppi E, Lodenius M (1990) Heavy metal
concentrations in males and females of three pine diprionids (Hymenoptera).
Entomol Fennica 1: 175–179.
Heavy Metals and Innate Immunity
PLoS ONE | www.plosone.org 4 June 2012 | Volume 7 | Issue 6 | e388323. Zvereva E, Serebrov V, Glupov V, Dubovskiy I (2003) Activity and heavy metal
resistance of non-specific esterases in leaf beetle Chrysomela lapponica from polluted
and unpolluted habitats. Comp Biochem Phys C 135: 383–391.
4. Donker MH (1992) Energy reserves and distribution of metals in populations of
the isopod Porcellio scaber from metal contaminated sites. Funct Ecol 6: 445–454.
5. Moe SJ, Stenseth NC, Smith RH (2001) Effects of a toxicant on population
growth rates: sublethal and delayed responses in blowfly populations. Funct Ecol
15: 712–721.
6. Dubovskiy IM, Grizanova EV, Ershova NS, Rantala MJ, Glupov VV (2011)
The effects of dietary nickel on the detoxification enzymes, innate immunity and
resistance to the fungus Beauveria bassiana in the larvae of the greater wax moth
Galleria mellonella. Chemosphere 85: 92–96.
7. Sorvari J, Rantala LM, Rantala MJ, Hakkarainen H, Eeva T (2007) Heavy
metal pollution disturbs immune response in wild ant populations. Environ
Pollut 145: 324–328.
8. Simkiss K, Watkins B (1990) The influence of gut microorganisms on zinc
uptake in Helix aspersa. Environ Pollut 66: 263–271.
9. Beeby A, Richmond L (1987) Adaptation by an urban-population of the snail
Helix aspersa to a diet contaminated with lead. Environ Pollut 46: 73–82.
10. Greville RW, Morgan AJ (1991) A comparison of (Pb, Cd and Zn) accumulation
in terrestrial slugs maintained in microcosms: Evidence for metal tolerance.
Environ Pollut 74: 115–127.
11. van Ooik T, Rantala MJ (2010) Local adaptation of an insect herbivore to
a heavy metal contaminated environment. Ann Zool Fenn 47: 215–222.
12. Bonduriansky R, Day T (2009) Nongenetic inheritance and its evolutionary
implications. Annu Rev Ecol Evol 40: 103–125.
13. Uller T (2008) Developmental plasticity and the evolution of parental effects.
Trends Ecol & Evol 23: 432–438.
14. Youngson NA, Whitelaw E (2008) Transgenerational epigenetic effects. Annu
Rev Genom Hum G 9: 233–257.
15. Valtonen TM, Roff DA, Rantala MJ (2011) Analysis of the effects of early
nutritional environment on inbreeding depression in Drosophila melanogaster.
J Evolution Biol 24: 196–205.
16. Magiafoglou A, Hoffmann AA (2003) Cross-generation effects due to cold
exposure in Drosophila serrata. Funct Ecol 17: 664–672.
17. Mitchell SE, Read AF (2005) Poor maternal environment enhances offspring
disease resistance in an invertebrate. Proc R Soc B 272: 2601–2607.
18. Sadd BM, Kleinlogel Y, Schmid-Hempel R, Schmid-Hempel P (2005) Trans-
generational immune priming in a social insect. Biol Letters 1: 386–388.
19. Bonduriansky R, Head M (2007) Maternal and paternal condition effects on
offspring phenotype in Telostylinus angusticollis (Diptera: Neriidae). J Evolution
Biol 20: 2379–2388.
20. Sadd BM, Schmid-Hempel P (2007) Facultative but persistent transgenerational
immunity via the mother’s eggs in bumblebees. Curr Biol 17: R1046–R1047.
21. Skinner MK, Guerrero-Bosagna C (2009) Environmental signals and transge-
nerational epigenetics. Epigenomics 1: 111–117.
22. Anway MD, Cupp AS, Uzumcu M, Skinner MK (2005) Epigenetic
transgenerational actions of endocrine disruptors and mate fertility. Science
308: 1466–1469.
23. Anway MD, Skinner MK (2006) Epigenetic transgenerational actions of
endocrine disruptors. Endocrinology 147: S43–S49.
24. Dolinoy DC, Huang D, Jirtle RL (2007) Maternal nutrient supplementation
counteracts bisphenol A-induced DNA hypomethylation in early development.
Proc Natl Acad Sci 104: 13056–13061.
25. Vilmos P, Kurucz E (1998) Insect immunity: evolutionary roots of the
mammalian innate immune system. Immunol Lett 62: 59–66.
26. Gillespie JP, Kanost MR, Trenczek T (1997) Biological mediators of insect
immunity. Annu Rev Entomol 42: 611–643.
27. Gupta AP (2002) Immunology of invertebrates: Humoral. Nature publishing
Group, London, UK.
28. Royet J, Reichhart JM, Hoffmann JA (2005) Sensing and signaling during
infection in Drosophila. Curr Opin Immunol 17: 11–17.
29. Washburn JO, Kirkpatrick BA, Volkman LE (1996) Insect protection against
viruses. Nature 383: 767–767.
30. Strand MR, Pech LL (1995) Immunological basis for compatibility in parasitoid
host relationships. Annu Rev Entomol 40: 31–56.
31. van Ooik T, Pausio S, Rantala MJ (2008) Direct effects of heavy metal pollution
on the immune function of a geometrid moth, Epirrita autumnata. Chemosphere
71: 1840–1844.
32. Hunter BA, Johnson MS (1982) Food-chain relationships of copper and
cadmium in contaminated grassland ecosystems. Oikos 38: 108–117.
33. van Ooik T, Rantala MJ, Saloniemi I (2007) Diet-mediated effects of heavy
metal pollution on growth and immune response in the geometrid moth Epirrita
autumnata. Environ Pollut 145: 348–354.
34. Coles JA, Farley SR, Pipe RK (1995) Alteration of the immune-response of the
common marine mussel Mytilus edulis resulting from exposure to cadmium. Dis
Aquat Organ 22: 59–65.
35. Ruddell CL, Rains DW (1975) The relationship between zinc, copper and
basophils of two crassostreid oyster, C. gigas and C. virginica. Comp Biochem and
Phys A 51: 585–591.
36. Russo J, Lagadic L (2004) Effects of environmental concentrations of atrazine on
hemocyte density and phagocytic activity in the pond snail Lymnaea stagnalis
(Gastropoda, Pulmonata). Environ Pollut 127: 303–311.
37. Rantala MJ, Koskima ¨ki J, Taskinen J, Tynkkynen K, Suhonen J (2000)
Immunocompetence, developmental stability and wingspot size in the damselfly
Calopteryx splendens L. Proc R Soc B 267: 2453–2457.
38. Hoffmann JA (1995) Innate immunity of insects. Curr Opin Immunol 7: 4–10.
39. Badyaev AV, Uller T (2009) Parental effects in ecology and evolution:
mechanisms, processes and implications. Philos T R Soc B 364: 1169–1177.
40. Moret Y, Schmid-Hempel P (2000) Survival for immunity: The price of immune
system activation for bumblebee workers. Science 290: 1166–1168.
41. Rolff J, Siva-Jothy MT (2003) Invertebrate ecological immunology. Science 301:
472–475.
42. Rantala MJ, Roff DA (2005) An analysis of trade-offs in immune function, body
size and development time in the Mediterranean Field Cricket, Gryllus
bimaculatus. Funct Ecol 19: 323–330.
43. Widdows J, Donkin P (1991) Role of physiological energetics in ecotoxicology.
Comp Biochem and Phys A 100: 69–75.
44. Richard W, David S (1997) Veterinary entomology: arthropod ectoparasites of
veterinary importance. T.J International LTD Padstow, Cornwall: Chapman &
Hall.
45. Rantala M, Jokinen I, Kortet R, Vainikka A, Suhonen J (2002) Do pheromones
reveal male immunocompetence? Proc R Soc B 269: 1681–1685.
46. Rantala MJ, Kortet R (2004) Male dominance and immunocompetence in a field
cricket. Behav Ecol 15: 187–191.
47. Smilanich AM, Dyer LA, Gentry GL (2009) The insect immune response and
other putative defenses as effective predictors of parasitism. Ecology 90: 1434–
1440.
48. Rantala MJ, Roff DA (2007) Inbreeding and extreme outbreeding cause sex
differences in immune defence and life history traits in Epirrita autumnata.
Heredity 98: 329–336.
Heavy Metals and Innate Immunity
PLoS ONE | www.plosone.org 5 June 2012 | Volume 7 | Issue 6 | e38832